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Decades of effort aimed at
understanding the molecular
mechanisms that guide
development has uncovered not
only the genetic programs
involved but also the important
role played by epigenetic factors.
The difficulties encountered by
those trying to clone mammals
have underscored the importance
of the epigenetic programming of
the differentiating genome, and
highlighted our incomplete
knowledge of the underlying
processes. 
A question that has been little
explored is whether mechanisms
exist that can directly transmit the
epigenetic programs of the
maternal and paternal genomes to
the unprogrammed genome of
developing offspring. In a recent
issue of Current Biology, Nowacki
et al. [1] report the discovery of
putative RNA-binding proteins
from Paramecium tetraurelia that
facilitate trans-nuclear crosstalk
between the maternal and
developing somatic genomes, and
regulate the massive,
programmed DNA rearrangements
that the latter undergoes. When it
comes to organizing the genome,
developing paramecia know to
listen to their mother.
Ciliates such as Paramecium
have an unusual genetic life-style
[2]. These single-celled protozoa
maintain two separate sets of DNA.
The germline set is found in the
micronucleus, which serves as the
repository of genetic information
for each new sexual generation.
The somatic genome is housed
within the macronucleus, which is
the site of all vegetative gene
expression and thus determines a
cell’s phenotype. During the
differentiation of these two nuclei,
extensive DNA rearrangements
remodel the developing somatic
genome while leaving the new
germline micronuclear genome
intact (Figure 1). These
developmentally programmed DNA
rearrangements precisely eliminate
tens of thousands of short
germline-limited segments and
variably excise transposon
sequences.
Tracy Sonneborn developed
Paramecium as a genetic model in
the mid 1900s and documented
some of the first examples of non-
Mendelian inheritance. While some
such inheritance patterns were
shown to be due to organelle-
encoded traits, the inheritance of
others, such as the specification of
mating-type, remained a mystery
[3]. Paramecia come in two mating
types, O and E, which must be
reestablished during each sexual
generation. In an O x E cross, the
progeny cells that develop from
the O partner express type O
information and conversely those
from the E cell express type E,
despite both differentiating from
identical zygotic genomes. Could
maternally guided DNA
rearrangements determine mating
begins the essential process of
unifying our genetic and
physiological understanding of
growth and development. Only
through such integration will we
understand why flies are the size
that they are, and why we are the
size that we are.
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Genome Rearrangements: Mother
Knows Best!
In Paramecium, developmentally programmed genome rearrangements
can be altered by the presence of homologous sequences within the
maternal somatic nucleus. Newly identified RNA-binding proteins
appear to mediate the transfer of homologous sequence information
from the maternal to the developing somatic nucleus, facilitating
epigenetic regulation of this large-scale genome reorganization.
type and other epigenetically
inherited traits?
While cis-acting sequences
direct the removal of many of the
internal eliminated sequences (IESs
for short), researchers, most
notably Eric Meyer and colleagues
[4], have shown that the simple
presence or absence of a particular
sequence within the maternal
somatic genome can over-ride the
genetic program and epigenetically
alter DNA rearrangement patterns
(Figure 1). For example, IESs that
are normally efficiently excised
during development can be
maintained if the homologous
sequence is present in the maternal
macronucleus [5,6]. What may be
even more striking is that high-
copy transgenes that cause gene
silencing during vegetative growth
can promote the imprecise excision
of the homologous chromosomal
sequence during the development
of the new somatic genome [7,8].
Somehow the maternal genome is
‘talking’ to the developing one.
What mediates this trans-
nuclear crosstalk? Nowacki et al.
[1] have discovered putative RNA-
binding proteins, encoded by the
paralogous NOWA1 and NOWA2
genes, that shuttle between the
maternal and developing
macronuclei and thus could
facilitate this communication. This
was elegantly shown by fusing the
coding region of NOWA1 to that
encoding a photoactivatible form
of the green fluorescent protein
(GFP). UV irradiation early in
development showed that the
fusion protein is initially localized
entirely in the maternal
macronuclei, then moves into the
developing macronuclei. 
Consistent with a role for the
NOWA genes in the epigenetic
control of DNA rearrangement,
knockdown of these
developmentally expressed genes
by RNA interference (RNAi)
arrested differentiation of the new
somatic macronuclei. In fact,
depletion of Nowa proteins caused
a number of IESs and transposons
to be retained within the
undifferentiated genome. What
was most intriguing is that only the
subset of IESs that are maternally
controlled — those for which
excision can be blocked when the
homologous IES is present in the
maternal macronucleus [6] — was
affected. Overexpression of a
Nowa1–GFP fusion protein caused
some of the same developmental
defects and additionally produced
an O-to-E mating-type shift in
some of the surviving progeny,
further implicating these proteins
in the epigenetic control of nuclear
differentiation.
The amino-terminal domain of
the Nowa proteins was shown to
bind both single-stranded and
double-stranded RNA as well as
RNA–DNA hybrids, although the
actual in vivo substrate remains to
be discovered. This domain
contains two types of interspersed
repeat: glycine/tryptophan (GGWG)
and arginine/glycine (FRG) repeats,
which may be structurally similar to
RGG motifs that bind RNA. The
smaller carboxy-terminal domain,
which shows no conservation with
known proteins, directs the Nowa
proteins’ dynamic nuclear
localization.
It is a bit ironic that
characterization of the NOWA
genes led to new insight into the
regulation of DNA rearrangement,
as they were serendipitously
identified as homologues of the
gene encoding PrP27, the
mammalian prion protein, which
also has GGWG repeats. Only
after the RNAi knockdown
experiments was the connection
to nuclear differentiation
revealed. It is a remarkable
coincidence that a homologue of
a prion protein, known for the
ability to self-propagate a protein
state [9], now has been found to
assist the propagation of an
epigenetically determined DNA
state.
Do these proteins transport
maternal transcripts that protect
homologous regions in developing
nuclei from elimination, or might
they transport specific RNAs that
promote DNA elimination after
they have been checked against
the maternal genome? Some clues
may be offered by studies
performed in the ciliate
Tetrahymena. IESs placed into the
maternal macronucleus will
similarly block the elimination of
the homologous sequence during
subsequent generations in this
species [10]. Homologous RNAs
and a RNAi-related mechanism are
known to play a critical role in this
ciliate’s DNA rearrangements [11]. 
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Figure 1. Maternal DNA rearrangement patterns modify the programming of the
progeny’s somatic genome. 
On the left: two generations of Paramecium, showing the fate of the germline and
somatic nuclei. During sexual development the maternal somatic nucleus (large, pale
blue circle) is lost and replaced by a new one in the progeny that differentiates from the
germline micronucleus (small, dark blue circles, two are present in each cell). New
micronuclei are formed as well. The normal genetic program (A) can be altered by the
pre-existing patterns in the maternal macronucleus via homology-dependent processes
(B–D). The content of the mother’s somatic macronucleus is shown above the dashed
line and that of the progeny’s micronuclei and macronuclei are shown below. Germline
micronuclei of the mother and progeny develop unaltered — only that of the progeny is
shown. Two genomic regions are depicted, one containing two internal eliminated
sequences (IESs, the red and yellow colored bars) and another containing an expressed
gene (the orange arrow with green flanking DNA). The default program (A) is the elimi-
nation of the IESs and maintenance of the gene. (B) An IES present in the maternal
macronucleus blocks the normally efficient excision of the homologous IES in the
developing macronucleus. (C) High-copy, non-expressible transgenes (orange arrow
with X) promotes the removal of the homologous sequence either by inducing impre-
cise internal deletions or chromosome fragmentation. (D) The absence of a locus from
the mother’s somatic genome that is normally retained induces the removal of the
homologous region from the developing somatic chromosomes.
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Bidirectional transcription of
Tetrahymena IESs during meiosis
[12] generates double-stranded
RNAs that are cleaved by a Dicer-
like ribonuclease [13,14] into ~28
nucleotide short RNAs, called scan
RNAs [15]. These short RNAs are
transported into the developing
somatic macronuclei where they
target the methylation of lysine 9 of
histone H3 on chromatin
associated with the homologous
sequence, which then signals DNA
elimination [14,16,17]. Several lines
of evidence have suggested that
scan RNAs are first transported
into the maternal macronucleus,
where any encounter with the
homologous DNA sequence, or
possibly with a RNA transcript,
results in the removal of that short
RNA from the pool that will direct
chromatin modification in the
developing macronucleus [15,18]. 
If, in Paramecium, the
comparison between genomes
occurs in the maternal
macronucleus, any protective
maternal transcripts should act
before the relocalization of the
Nowa proteins. Then the Nowa
proteins could very well be involved
in transporting to developing
macronuclei the positively acting
RNAs that direct DNA elimination.
Loss of such a protein would inhibit
DNA rearrangement as observed.
Is such sequence-specific
comparison of maternal and
developing genomes limited to
ciliates that conveniently carry both
in a common cytoplasm? This need
not be the case. RNAi-related
mechanisms utilized by these
organisms to direct DNA
rearrangements are commonly
used throughout eukaryotes to
silence specific regions of the
genome [19]. Many biological
phenomena await explanations: for
example, the specific reversion of
the hothead mutation in
Arabidopsis even several
generations removed from copies
of the wild-type allele is one of the
more recently described enigmas
[20]. Could it be that a maternal
copy of the genome can be kept in
reserve and used to alter
development? This is pure
speculation, but the
characterization of the Nowa
proteins again shows that mom has
her ways to impose her influence.
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Organisms sense light to regulate
growth, control development or
capture energy for
photosynthesis. Members of the
fungal kingdom, which are
heterotrophs, can respond to
wavelengths of light from UV-C to
far-red; however, until recently
only one photoreceptor class of
blue light sensors had been
identified in fungi. The report in
this issue of Current Biology by
Blumenstein et al. [1] on red light
sensing via a phytochrome in the
model fungus Aspergillus nidulans
is a milestone in photobiology. In
addition to identifying a second
Photosensing Fungi: Phytochrome
in the Spotlight
Red light triggers asexual development and represses sexual
development in the fungus Aspergillus nidulans. This response has
been shown to require a phytochrome red/far-red light photoreceptor,
FphA, which is cytoplasmic and binds a tetrapyrrole chromophore.
FphA exhibits similarities to both plant and bacterial phytochromes.
